The dynamic model MAGIC is used to predict the future response of surface waters to reductions in S deposition as stipulated by the recently agreed emission protocol (the 1999 Gothenburg Protocol 
INTRODUCTION
The physical nature of the Scottish Highlands and their geographical position has created a montane environment that can be considered unique in European terms. The Scottish Highlands lie between the northern extremity of the alpine environments and the southern extremity of the arctic environments (Johnson & Thompson 2002) . It is estimated that the area of land above 500 m form some 11% of the total landmass of Scotland. At high altitudes the environment is associated with low temperatures, long periods of snow and ice cover, base poor soils and sparse vegetation cover. Due to their remote location, local human activity is usually very low or absent. Potentially pristine by their location, high altitude mountain lochs (lakes) are very sensitive to subtle changes in climate and anthropogenic deposition (Helliwell et al. 2002) .
Acidification of surface waters has been widespread across the uplands of the UK from the mid 19th century. The main cause of acidification is deposition of anthropogenic sulphur (S), although nitrogen (N) compounds contribute significantly in some areas (NEGTAP 2001) . Evidence for surface water acidification can be obtained from pH reconstructions based on diatoms in lake sediment cores and this provides the key evidence linking historical emission of atmospheric pollutants to the acidification process (Battarbee et al. 1990; Jones et al. 1993) . Recognition of the severity of surface water acidification resulted in International agreements leading to reductions in emissions of acidifying S and N compounds (UN-ECE 1999) . The most recent UN-ECE agreement, the Multi-Pollutant Multi-Effect Protocol (Gothenburg Protocol), was signed in 1999 with the aim of abating emissions of sulphur, nitrogen oxides, ammonia, and volatile organic compounds. When fully implemented in 2016 this protocol aims to reduce S emissions across Europe by at least 63%, NOx by 41% and NH 3 by 17% relative to 1990 levels, these reduction are already substantially reduced from the peak levels of the late 1970s and 1980s as a result of the earlier agreements .
The implementation of such pollution control strategies is costly, and it is assumed that these strategies will contribute to substantial benefits in environmental quality, both in terms of improvements in surface water chemistry/ecology and in human health etc. One important expected benefit is the recovery of acidified, biologically impoverished, freshwater systems. International efforts to further protect and manage acid sensitive ecosystems have led to the implementation of the EC Water Framework Directive (Directive 2000/60/EC). This Directive states that 'good' ecological status relative to a 'reference condition' must be achieved by 2016 (Chave 2001) . Although conditions are yet to be defined, it is assumed that 'reference condition' relates to an expected chemical and ecological status prior to the onset of industrialisation and soil/water acidification in the case of acidification pressure, and a key indicator of good ecological status is the presence of a viable brown trout population. The relationship between water chemistry and the survival of brown trout was investigated by Henriksen et al. (1989) in his analysis of data from the Norwegian 1000-lake survey. In a later study, Lien et al. (1996) linked the probability of occurrence of trout populations to the surface water Acid Neutralising Capacity (ANC). The nature and extent of future regional recovery from acidification is, however, dependent upon the historical pattern of deposition, regional ecosystem characteristics, and the role of confounding factors, which may delay the onset of recovery, or the magnitude of response .
The purpose of this study was to evaluate the current biogeochemical status of Scottish mountain lochs in relation to current deposition inputs, catchment characteristics and processes, and model the response of these acid sensitive sites to future changes in deposition. A comparison is made between modelled responses at Lochnagar, calibrated with high-resolution data at an intensively monitored site and spot samples taken as part of a regional study, calibrated with low-resolution data.
METHODOLOGY
The sites selected in this paper form part of a panEuropean survey of mountain 'Lakes Districts'. The EU project, EMERGE (European Mountain lake Ecosystems: Regionalisation, diaGnostic & socio-economic Evaluation), includes 13 'Lake Districts' covering an area from the north of Finland, to Bulgaria in the east, the Pyrenees to the southwest and Greenland, out with Europe, to the northwest (to represent base-line conditions in a potentially pristine environment). In the context of this paper 'Lake District' is defined as the Scottish Highlands.
The main objective of this study was to identify the ecological and hydrochemical impacts of atmospheric pollution on mountain ecosystems, therefore sites were selected with a no known history of site disturbance or intensive land management practices. To avoid catchment-based anthropological influences, the survey was confined to sites above a theoretical tree-line. The theoretical tree-line in upland Scotland varies with latitude and longitude. Regional tree-lines have been suggested for the Grampians (Donner 1962; Huntley 1981) , Cairngorm (Pears 1968 ) and north-west Highlands and these were used to guide the site sampling strategy. Using a GIS (Geographic Information System) and the Ordnance Survey 1:50,000 digital map, all lochs above the altitude thresholds across the three regions were identified (Grampians, 700 m; Cairngorms, 750 m and NW Highlands, 500 m). Other selection criteria included a lower loch area limit of 0.5 ha, the requirement for all major geological units to be represented, and the geographical extent of the Scottish Highlands to be covered (Fig. 1) . A subset of 30 headwater lochs were selected for this analysis from a total of 399 and sampled during September-October, 2000. The survey in Scotland was limited to a subset 30 lochs that were selected to represent the altitudinal range above the tree-line in the Grampian and Cairngorm Mountains, and the northwest Highlands. Logistical constraints also limited the number of sites selected for this study. A water sample was taken at the outflow of each site and analysed for a suite of chemical determinands using standard methods (Harriman et al. 1990 ).
Environmental characterisation

Scottish Highlands
The Scottish Highlands comprise 30 high altitude sites spanning three physiographic regions, each bounded by a fault line (Fig. 1) . The area to the southeast of the Great Glen Fault is underlain by pre-Cambrian metamorphic rocks into which a number of granitic plutons have intruded forming the high plateau of the Cairngorm mountains. To the north of the Great Glen Fault, the majority of sites are located on the oldest geological formations of gneiss and schists from the pre-Cambrian era. The Northern Highlands is an extensive area that includes most of the land to the north of the Great Glen Fault. Five sites in the Northern Highlands are located in a small area west of the Moine Thrust, where Lewisian rocks are dominant (Langan & Soulsby 2001) . To the south of this area the topography is rugged and steep rocky slopes with crags and scree are widespread. To the east of the Moine Thrust, the majority of the land is less rugged, comprising a dissected plateau, highest in the south and sloping northwards to the coast. This area is underlain by Moinain rocks, which are predominantly gneiss and granulites.
Throughout northern Scotland, at high altitudes, semi-natural vegetation of heather moorland and blanket bog dominate. Most montane soils are poorly developed and naturally acidic which has resulted in the extensive development of alpine habitats. Alpine heaths, for example, carpet the unstable wind-blasted gravel fields of the central Cairngorms. The soils are dominated by thin alpine and sub-alpine soil with some rankers (Tab. 1). In areas of gentle relief, these mineral soil assemblages can be secondary to the accumulation of peat. The high altitude and remoteness of this Scottish Highlands means that active land-management has been restricted or is absent. Many of the sites lie above the limit of sheep grazing, however, red deer (Cervus elaphus) browse across most sites. Mean annual precipitation ranges from 1.1 m y -1 in the east to >3.0 m y -1 in the west (Tab. 1). Winter snowfall is substantial at high elevation, and can contribute ~30% of mean annual precipitation in some areas (Dunn et al. 2001) . The magnitude of acid deposition in remote Scottish mountains is minor relative to other areas of the UK with deposi- tion inputs of c. 14 kg ha -1 y -1 S and ca 8 kg ha -1 y -1 N (Monteith & Evans 2000; Helliwell et al. 2003) . 
Site description -Lochnagar
The Lochnagar catchment (NO 252 859) is the most easterly site in the Scottish Highlands (Fig. 2a) . The catchment area (104 ha) is average, compared to other sites in this study with an altitudinal range of 787-1150 m (Fig. 2b) . The complex geomorphology of Lochnagar has resulted in heterogeneous distribution of soil types and vegetation (Fig. 2c) . The vegetation is dominated by stunted Calluna vulgaris, Empetrium, Vaccinium myrtillus and Lycopodium and some Sphagnum sp. near the loch edge (Fig. 2c ). Lochnagar is characterised by alpine soils and localised areas of peat, which are severely eroded along the north-eastern shore of the loch (Fig. 2c) . A particularly prominent feature of this catchment is the steep north-facing corrie that comprises ca 30% of the catchment area. Geologically the catchment is composed of biotite granite . Compared to other sites in the Scottish Highlands, Lochnagar is particularly sensitive to acidification in relation to the soil/geology and geomorphic characteristic of the site; in addition this site receives 19 kg N ha -1 y -1 and 21 kg S ha -1 y -1 (based on mean data from 1998-2000).
Parameterisation of the MAGIC model
The MAGIC model
MAGIC is a lumped-parameter model, developed to predict the long-term effects of acidic deposition on soil and surface water chemistry (Cosby et al. 1985a (Cosby et al. , b, 2001 . The model simulates soil solution and surface water chemistry to predict average concentrations of the major ions. MAGIC calculates, at annual time steps, the concentrations of major ions by simultaneous reactions involving sulphate adsorption, cation exchange, dissolution-precipitation-speciation of aluminium and dissolution-speciation of inorganic and organic carbon. A set of mass balance equations in which fluxes of major ions to and from the soil and surface water are assumed to be governed by atmospheric inputs, mineral weathering, net uptake by biomass and loss in runoff. MAGIC produces long-term reconstructions and predictions of soil and surface water chemistry in response to scenarios of acid deposition.
In any catchment scale model application, complex soil physico-chemical processes that lead to loss of soil base status and the acidification of surface waters are simplified so that models can be applied at large spatial scales. MAGIC uses a 'lumped' parameter approach to; (i) aggregate the complex biological and chemical processes active at the catchment scale into a few readily described processes; and (ii) lump catchment characteristics to represent the spatial heterogeneity of soil properties throughout a catchment.
In this model application, there are no process-based mechanisms for N retention in soil, and first order uptake coefficients were calibrated to represent catchment immobilisation such that input matched output at present day (Cosby et al. 1985a, b) . These uptake coefficients were then assumed to remain constant into the future. The MAGIC calibration procedure followed is documented by Jenkins et al. (1998) and Evans et al. (2001) . The calibrations are performed on simulations run for 150 years to 2000.
Deposition sequences
Historical and future changes in deposition rates of non-marine sulphate (xSO 4 ), nitrate (NO 3 -), and ammonium (NH 4 + ) are represented in MAGIC by scale factors, linked to present day deposition (Fig. 3a) . Historical SO 4 2-deposition (EMEP) is scaled to the estimated deposition history of the Scottish Highlands as calculated by Mylona, (1996) and modified by Posch et al. (2002) . Similarly the deposition of NO 3 -and NH 4 + is scaled to the estimated deposition history for Europe given by Simpson et al. (1997) and modified by Posch et al. (2002) (Fig. 3a) . The future deposition scenario based on the Gothenburg Protocol is estimated (Posch et al. 2002) . Other ions in deposition are assumed to remain constant throughout the simulation It is important that modelled deposition sequences agree with observed data since deposition is one of the main factors driving environmental change in upland freshwaters. The longest deposition record in the Scottish Highlands (Mharcaidh deposition collector NH 876052) is compared with the EMEP modelled deposition data (Fig. 3b) . Generally the timing and magnitude of change between modelled and observed deposition data are good (Fig. 3b) , however, there is a minor discrepancy between the sequences in the early record (1986 and 1994) . Since there are few reliable, longterm, deposition records in the Scottish mountains, the deviation between modelled and observed deposition sequences is difficult to quantify. Although Mharcaidh gauge is situated at relatively low altitude (~200 m a.s.l), the general deposition trend is reproduced by the modelled EMEP data, but as expected, year-to-year variability in deposition and meteorological conditions is considerable.
Data sources
In large-scale studies, it is important that each calibration in a region (Scottish Highlands) conforms to a standard methodology and utilises consistent data, in this regard, all datasets were processed using standard protocols. Input data required by MAGIC includes annual rainfall and runoff volumes, deposition chemistry, and catchment aggregated soil physico-chemical parameters including depth, bulk density and cation exchange capacity. Mean wet deposition data for the period 1995-97 was used in the Scottish Highlands model application; this data was derived from the most suitable UK Acid Deposition Monitoring Network (ADMN) sites. These data were interpolated to provide estimates of wet deposition on a 20-km grid. These values were modified, using the mean altitude of each grid cell, to account for the variation of rainfall and ion concentration in rainfall with altitude due to orographic enhancement mechanisms (Fowler et al. 1988) . Rainfall volumes were calculated using a similar method from a 20 × 20 km grid. For the site application at Lochnagar, rainfall and deposition data is derived from a collector in the ADMN, the River Mharcaidh (NH 876 052).
Soil physico-chemical data were aggregated using a catchment-based vertical and spatial weighting technique . From the 1:250,000 soil map of Scotland, a number of different soil types were identified from the 30 sites comprising the Scottish Highlands. Data from the nearest appropriate soil profile in the Scottish Soils Database (Macaulay Institute) was extracted and weighted for the calibration. Due to the low sampling resolution of soils in the remote Scottish uplands there are few instances where soil data is available from within the catchment boundary of the 30 sites. In contrast, for the site application at Lochnagar, the spatial distribution of different soil types was derived from a detailed 1:10,000 soil map. Soils were sampled from within the catchment boundary and spatially and Mylona (1996) and Simpson et al. (1997) as modified by Posch et al. (2002) ), b) Total deposition of non marine SO 4 2-from the Mharcaidh deposition collector (NH 876052) measured as part of the UK Acid Deposition Monitoring Programme and modelled by EMEP (Posch et al. 2002) relative to values for 2000.
vertically weighted ). Since it is desirable to parameterise MAGIC with catchment based high-resolution data, a comparison between a MAGIC application with high (site) and low (regional) resolution data (Tab. 3) is performed at Lochnagar. Surface water data from the survey conducted in 2000 were used to define the target variables in the regional calibration. The site calibration was conducted with mean data from 1988-1993 because the declining trend in SO 4 precludes the use of mean data from the entire monitored period .
Records of diatom flora taken from loch sediment cores at Lochnagar provide evidence of a longer term record of the timing, rate and magnitude of biological and chemical change at this acid sensitive site (Juggins et al. 1996) . These records also provide a means to evaluate the historical pH trends in MAGIC (Jenkins et al. 1990) . The core used to compare the MAGIC hindcast simulation was taken in 1991, using general procedures described by Monteith & Evans (1998) .
RESULTS
Current status of surface water chemistry in the Scottish Highlands
Summary statistics for water chemistry determinands are presented in table 2. Generally, these lochs are of a dilute nature, with relatively low median conductivity (28 µS cm -1 ), Na + (136 µeq l -1 ) and Cl -(131 µeq l -1 ) concentrations. The lowest ANC concentrations (<50 µeq l -1 ) correspond to the lochs with pH below 6.0. At these low ANC sites pronounced effects of acidification on micro-organisms, zooplankton, benthos and fish often occur (Raddum & Skjelkvale 2001) . Median nitrate concentrations are very low (2 µeq l -1 ), the highest NO 3 -concentrations (13 µeq l -1 ) were observed both at Lochnagar, the most easterly site, and Loch Coir A Ghrunnda, the most westerly site. Ammonium concentrations are negligible at most sites. Low values for DOC and NO 3 -, suggest that these systems are nutrient poor with minimal organic input from catchment sources. A comparison of surface water target chemistry at Lochnagar, as used in the site and regional MAGIC application, is shown in 
Trends in surface water chemistry at Lochnagar
In contrast to the single water sample taken from sites in the Scottish Highlands, fortnightly samples were taken from the outflow of Lochnagar between 1988 and 2001 allowing trend analysis and model validation (Fig.  4) . Between 1988 and 1992 a pH increase was observed in response to the decline in NO 3 -and xSO 4 , but this trend was not statistically significant. A change in this trend was detected in 1993. Trend analyses performed on the entire dataset from 1988-2000 (Evans & Monteith 2002) , show a significant decline in xSO 4 (-0.94 µeq l -1 y -1 , significant at the 0.01 level), but no significant long-term trend in pH. This trend may result from Tab. 2. Surface water chemistry from 30 sites in the Scottish Highlands (sampled 2000) and mean chemistry from Lochnagar (1988 Lochnagar ( -1993 the enhanced production of organic acids and this is a consequence of increasing DOC or a related phenomenon of the increasing trend in DOC concentrations (+6.0 mmol l -1 , significant at the 0.05 level) (Evans & Monteith 2002) .
Model Calibration (Scottish Highlands)
The MAGIC model was successfully calibrated to 30 sites in the Scottish Highlands. Simulated present day surface water ANC and SO 4 2-and soil base saturation (BS) compared favourably with observed data (Fig.  5a, b, c) . The close relationship between the modelled and observed ANC provides a good measure of the accuracy of the calibration since the ANC is not calibrated directly but is calculated from the modelled sum of strong acid anions (Cl -, SO 4 2-and NO 3 -) and the sum of base cations (Ca 2+ , Mg 2+ , Na + , and K + ). Modelled SO 4 2-corresponds exactly to observed SO 4 2-since SO 4 2-is constrained by the model as result of SO 4 2-adsorption so that input equals output.
Model Calibration (Lochnagar)
The decline in modelled xSO 4 concentrations at Lochnagar over the period 1988-1997 closely match observed data, subsequently the simulated decline in xSO 4 is greater than that observed (Fig. 4c) . This indicates that the default values used for SO 4 2-adsorption in the soil quantitatively describe the actual retention and release of SO 4 2- . Simulated NO 3 -concentrations fit observed NO 3 -data during first 4 years, thereafter observed NO 3 -concentrations increase and simulated NO 3 -concentrations gradually decline. In a similar study MAGIC5 (best case N scenario) and MAGIC7 (worst case N scenario) were applied to Lochnagar, and the observed increase in surface water NO 3 -was simulated with MAGIC7 . Jenkins et al. (2001) suggest that soil C:N ratio declined as N deposition gradually accumulated in the soil. Where the soil C:N ratio falls below a threshold value, the extent of deposited N retained decreased and N leaching occurs. Post 1993, the higher NO 3 -concentrations observed at Lochnagar (Figure 4b ) may therefore reflect N leaching, a process that is not represented in the current application. In MAGIC5 however, surface water NO 3 -concentrations decline in line with N reductions imposed by the Gothenburg protocol (Fig. 3a) , as a result of the change in direct deposition to the loch. The resultant affect of slightly lower simulated concentrations of NO 3 -and xSO 4 on simulated ANC from 1988-2001 is for a small increase compared to observed data. Observed pH values fluctuate within the range pH 4.9 to 5.8, but simulated pH remains within the observed upper and lower limits. During 1993-2001, modelled and observed pH gradually increase. 
Evaluation of historical pH records at Lochnagar
Comparison of MAGIC reconstructed pH from preand early-acidification (1860-1950) conditions with independent diatom evidence represent the only means of evaluating both techniques, since no time series of water chemistry exists for such a long period. A detailed assessment of diatom inferred pH records at Lochnagar and a quantification of the uncertainty associated with these records is provided by Battarbee et al. (1995) . Between 1860-1946 diatom inferred pH ranged from 5.7 (1860) to 5.4 (1946) , the modelled pH during this time (6.2 and 5.6 respectively) indicates that MAGIC is overestimating the pre-acidification pH of this site (Fig. 6) . During 1967 and 1991, however, MAGIC simulated pH shows good agreement with the gradual acidification trend inferred from the diatom reconstruction. A spurious sample taken in 1960 (pH 5.1) was omitted from this record. Although the uncertainties in both approaches are large, close matches between diatom-inferred pH and MAGIC-simulated pH during the mid and late twentieth century, and more recent observed pH, increase the confidence in the predictive capacity of the MAGIC model.
Response of surface waters to changes in acid deposition
From the mid 19 th century to the 1970s the median simulated surface water ANC in the Scottish Highlands declined by 22 µeq l -1 in response to increased acid deposition (Fig. 7) . Following the implementation of international protocols to reduce the emissions of sulphur (S) and nitrogen (N), including the Gothenburg protocol, median ANC at the 30 sites increased from 59 µeq l -1 in 1975 to 72 µeq l -1 in 2036. Sites that are most responsive to changes in acid deposition are at the extremes of the acid sensitivity gradient in the Scottish Highlands (Fig. 7) . From 1950 to 2005, the minimum ANC trend line represents the regional application of MAGIC at Lochnagar; this allows direct comparison with the site-specific application at Lochnagar (dotted line, Fig. 7 ). Throughout this period, the site application of MAGIC simulated lower ANC, hence more acid surface water conditions, than the regional application.
Empirical relationships between ANC and fish population status have been developed for brown trout (Salmo trutta L.) and other species in Norway (Lien et al. 1996; Bulger et al. 1993) . These studies suggested an ANC of zero represented a 50% probability of damage to a brown trout population and an ANC of 20 reflected 95% protection of the brown trout from damage. For evaluation purposes, an ANC limit of 20 µeq l -1 was used to indicate that the sites are capable of achieving the good ecological status as required by the WFD.
The spatial distribution of simulated ANC for 1860 (reference conditions), 1980, 2000 and 2016 are presented (Fig. 8) . These maps show how surface waters acidify and recover in response to changes in deposition they also illustrate the inter-regional variability in ANC as a result of site sensitivity across the Scottish Highlands. Prior to the onset of acidification (1860), simulated surface water ANC at all 30 sites in the Scottish Highlands exceeds 20 µeq l -1 . The MAGIC simulations at this time indicate that chemical conditions in all lochs were sufficient to support trout populations. When S deposition peaked in the 1980s (52 meq m -2 y -1 ), the number of sites with ANC greater than 20 µeq l -1 declined to 26. Sites are generally more sensitive to acidification to the north and east of the Scottish Highlands. At this time, the site with the lowest ANC in the regional MAGIC application is Lochnagar, acidifying to -2 µeq l -1 (and -3 µeq l -1 for the site application to Lochnagar). Relative to other mountainous regions in Europe such as the Southern Norway and High Tatra Mountains (Slovak-Polish boarder), the extent of surface water acidification in the Scottish Highlands during the 1980s is less due to lower deposition inputs . By 2000, reduced emission reductions (30 meq m -2 y -1 ) result in widespread recovery throughout the Scottish Highlands and, although improvements in ANC are predicted to continue until 2016, a slower rate of recovery is forecast.
DISCUSSION
In mountainous regions of the UK ecological and chemical recovery have been difficult to authenticate due to a lack of long term monitoring programmes since the 1970s and early 1980s. It is clear that sulphur deposition during this period has declined (RGAR 1997) , but the majority of hydrochemical and ecological records began in the 1980s and as a result surface water monitoring data from the 1970s is extremely limited, particularly in high altitude areas (Evans & Monteith 2002) . In these circumstances, the integration of 'longterm' monitored data within a modelling framework can improve our understanding of the timing, magnitude and extent of change within remote mountain ecosystems.
The availability of representative, good quality data is a principal limiting factor for large-scale modelling initiatives. In this study however, similar soil parameters were derived from both site-specific soil surveys and national databases at Lochnagar (Tab. 3) and, as a consequence, modelled base saturation was comparable throughout the simulation period (1860 to 2036). This result shows that catchment based soil data is not essential for catchment modelling in remote upland areas.
The close resemblance between observed, highresolution data from Lochnagar and modelled trends in surface water chemistry data enhances confidence in the site calibration procedure. Long term modelled SO 4 2-concentrations at Lochnagar (both site and regional applications) are similar to observed SO 4 2-trends, implying that the regional model performance in the Scottish Highlands is credible. This result suggests that soil processes such as SO 4 2-adsorption/desorption and S reduction/oxidation do not delay the export of SO 4 2-to surface waters by more than a few years. As with similar catchments in Norway, soils in the Scottish mountains are relatively young, and as a result, the sulphate adsorption capacity is typically low . The rate of recovery in simulated ANC from 1990 to 2000 is greater than the observed trends at Lochnagar. Since the trend in surface water SO 4 2-is correctly simulated this deviation in ANC reflects the poor NO 3 -simulation during this period. An alternative explanation might be that base cations are held tightly on the soil exchange complex in these mountain soils in contrast to the MAGIC simulation, and therefore the cation exchange between base cations and aluminium are higher. Verification of these assumptions at other sites in the Scottish Highlands is difficult because of inadequate long-term data at these highly sensitive sites.
The EU Water Framework Directive aims to maintain and improve the quality of aquatic ecosystems in the EU. The results of this modelling study, therefore, have direct significance in relation to achieving that target. The Directive specifies that all surface waters should be managed with the aim of achieving 'good ecological' status by 2016 and this condition may be defined with respect to a reference condition. The reconstructed chemistry (reference condition) and inferred ecology in 1860 indicate that the minimum regional ANC of 26 µeq l -1 is sufficient to protect salmonids in surface waters throughout the Scottish Highlands, and therefore, may be considered as achieving the necessary criteria for good ecological status; an ideal benchmark to assess future water acidification conditions in Scotland.
Sulphur deposition peaked in the 1980s (52 meq m -2 y -1 ) and, in response, simulated surface water ANC declined throughout the Scottish Highlands from a regional median of 80 µeq l -1 in 1860 to 60 µeq l -1 in 1980. While deposition is recognised as the main driver of change in remote areas of Scotland (Helliwell et al. 2002), site characteristics also influence the rate and extent of change. The most acid surface water conditions were observed in two areas; the Cairngorm/Grampian mountains to the east of the Scottish Highlands where the underlying geology is dominated by granite, and the Northern Highlands where blanket bog and peat predominates. Soils developed from granitic/gneissic parent materials typically have a low base status and therefore a limited capacity to buffer acid inputs. In the 1970-80s, high levels of deposition depleted base cations from soil exchange complexes, which ultimately acidified both soils and surface waters. At Lochnagar, this process is responsible for the small, but highly significant, simulated decline in base saturation from 1860 to 1980 of 0.9% (site data) and 0.5% (regional data). To the north of the Scottish Highlands, sites are covered in blanket bog and peat and since organic soils are inherently acid, they are susceptible to acidification when impacted by acid deposition (Hornung et al. 1995) . Compared to other mountain ecosystems in Europe, soil base saturation in the Scottish Highlands is very low .
This departure from background conditions in 1980 is predicted to have a marginal impact on brown trout populations in the Scottish Highlands as a whole since the ANC of 87% of sites is greater than 20 µeq l -1 . The situation in the Scottish Highlands is therefore encouraging, but the ANC of 4 sites in the region is <20 µeq l -1 and it is unlikely that these conditions will support a viable population brown trout. The success of emission control strategies between 1980 and 2016 resulted in sufficient improvement in surface water quality so that by 2000 the ANC of only 2 sites in the Scottish Highlands was <20 µeq l -1 . Predictions to 2016, the target year for good ecological status (WFD), indicate that under the Gothenburg Protocol, ANC greater than 20 µeq l -1 will be achieved at all sites. The nature and extent of future recovery from acidification in the Scottish Highlands is dependent upon the historical trends in deposition, regional ecosystem characteristics, and the role of confounding factors, which may delay the onset of recovery, or the magnitude of response. Climate is widely believed to be undergoing long-term changes in the Scottish mountains (Dunn et al. 2001) , and the extent of this change may significantly influence the behaviour of both terrestrial and aquatic ecosystems. If this is the case, climatically driven processes that increase for instance, organic matter turnover and N mineralisation, may obscure the future acidification status of surface water in mountains regions of Scotland (Rose et al. 2004, this issue) .
Sulphur is the key driver of acidification and, more recently, recovery, of surface waters throughout the Scottish Highlands. Nitrogen dynamics are not considered in this analysis, as N plays a relatively minor role in soil and water acidification, however, with SO 4 2-concentrations declining (Fig. 3b) , the contribution of nitrate to the total anion status of surface water will become increasingly important. Little is known about current surface water NO 3 -trends throughout the Scottish Highlands, but a steady increase in NO 3 -has been observed at the intensively monitored Lochnagar site during the past 12 years, despite no measured change in inorganic N deposition . A valid explanation for this trend is difficult since previous attempts to relate surface water NO 3 -concentrations to soil C:N ratios and soil C pools are likely to be unsuccessful in these montane ecosystems. The thin mineral soils, large areas of bare rock and moraine, typical of high altitude catchments limit the interaction between precipitation and soil and reduces potential terrestrial N uptake. It is more likely that variability in hydrological pathways, direct deposition to loch surfaces and in-lake processes may have a greater influence on surface water NO 3 -in mountainous catchments. These factors may confound the recovery of acidification predicted by dynamic models. There is thus a need to consider more explicitly the effects of climate change, increasing organic matter concentration in surface waters, nitrogen deposition and how these influence the processes driving recovery.
